Immunohistochemistry (IHC) is used routinely to detect porcine reproductive and respiratory syndrome virus (PRRSV) in the lung of nursery and grow/finish pigs with respiratory disease and has been reported to be highly specific (100%) but only moderately sensitive (67%). When multiple sections of lung are examined from field cases of porcine pneumonia, it is common to detect PRRSV antigen in only 1 or 2 of the sections. This study was undertaken to determine the impact of the number of lung sections evaluated on the diagnostic sensitivity of IHC for the detection of PRRSV in vaccinated and unvaccinated swine. Five anterioventral sections of lung from animals experimentally challenged with PRRSV were evaluated on a single IHC slide. Utilizing a beta binomial model, observed results were used to calculate the probability of detecting PRRSV with IHC as a function of the number of lung sections assessed. Results demonstrate that the diagnostic sensitivity of PRRSV IHC is dependent on the number of lung sections examined. In unvaccinated pigs, a beta binomial model predicts that if a single lung section were evaluated, PRRSV would likely be confirmed in only 48% of infected animals, and at least 5 sections of anterioventral lung would need to be assessed to detect Ͼ90% of PRRSV-infected pigs. Vaccination resulted in significantly lower gross and microscopic lung lesion scores and significantly fewer antigen-positive cells. In vaccinated swine, the calculated probability of detecting a PRRSV-infected pig with IHC when a single lung section is evaluated was only 14%. If PRRSV is a primary concern, diagnosticians should collect at least 5 anterioventral sections of lung from each pig to be evaluated on a single IHC slide. This approach will diminish the number of false-negative results obtained with this method of antigen detection.
Porcine reproductive and respiratory syndrome virus (PRRSV) is currently the most common viral pathogen identified in nursery and grow/finish pigs with pneumonia. Iowa State University Veterinary Diagnostic Laboratory (ISU VDL) data from 1995 to 1999 indicate that PRRSV was detected in 4,131 porcine pneumonia cases, whereas swine influenza virus, the second most common viral respiratory pathogen, was identified in slightly less than half as many cases (2, 045) .
A variety of methods have been used to detect PRRSV in porcine lung, including fluorescent antibody tests (FA), immunohistochemistry (IHC), reverse-transcription polymerase chain reaction (rtPCR), in situ hybridization (ISH), and virus isolation (VI). [1] [2] [3] 7, 9, 13, 18 Immunohistochemistry is routinely used to detect PRRSV in nursery and grow/finish pigs with respiratory disease and has been reported to be highly specific (100%) but only moderately sensitive (67%). 5 Because this limited sensitivity results in a substantial number of false-negative results, procedures need to be investigated to improve the diagnostic sensitivity of PRRSV IHC. Diagnostic sensitivity has been described as the proportion of infected individuals that test positive with a specific assay. 16 The diagnostic sensitivity of procedures to detect antigen in tissue is a function of the analytic sensitivity of the laboratory test and the distribution and pathogen load in the sample assessed. When antigen is not evenly distributed throughout a tissue or organ, diagnostic sensitivity can be greatly influenced by the anatomic location of the tissue harvested. The location of sampled lung is critical for PRRSV IHC because viral antigen has been detected twice as often in anterior and middle lung lobes as in caudal lung. 5 Factors that impact tissue virus load also have the potential to affect the diagnostic sensitivity of antigen detection tests. PRRSV antigen from virulent strains has been detected in larger amounts, in more tissues, and for a longer time than has that from less virulent strains. 4, 5, 7 Studies indicate that additional variables, including exposure dose, stage of infection, age of the pig, and PRRSV vaccination status, can influence pulmonary virus load and the ability to detect PRRSV with IHC. 5, 15, 17 In field cases of porcine pneumonia, it is common to detect PRRSV antigen in only 1 or 2 of the multiple lung sections evaluated from an individual animal. Similar findings have been reported in experimentally infected pigs and in field cases submitted to other laboratories. 5, 10 These observations suggest that the number of pulmonary sections evaluated from individual animals may have a substantial impact on the diagnostic sensitivity of PRRSV IHC.
It is not possible for the diagnostician to control many of the variables that may influence the diagnostic sensitivity of PRRSV IHC. However, practitioners and diagnosticians can exercise control over the number and location of pulmonary sections collected and assessed. The importance of harvesting anterior and middle lung lobes has been demonstrated. 5 The purpose of this study was to determine the impact that the number of lung sections evaluated has on the diagnostic sensitivity of IHC for the detection of PRRSV in vaccinated and unvaccinated swine.
Materials and methods
Forty 3-wk-old pigs were purchased from a PRRSV-free, mycoplasma-free herd. Blood samples were obtained on arrival and following 2 wks in isolation. All pigs were serogenative for PRRSV at both time periods. The 40 pigs were divided evenly into vaccinated and unvaccinated groups and placed in separate isolation facilities. Animals in the vaccinated group were injected with 2 ml of a commercial modified-live PRRSV vaccine a intramuscularly (IM) at 5 wk (day 0) and 8 wk (day 21) of age. Animals in the unvaccinated groups were administered 2 ml of sterile saline IM. Prior to the second vaccination, blood was obtained from all pigs and serum was submitted for PRRSV enzyme-linked immunosorbent assay. b Prior to challenge with virulent PRRSV, 5 vaccinated and 5 unvaccinated pigs were placed in 2 separate isolation rooms to serve as sham-challenged controls. On day 61 following the initial vaccination, the remaining 15 vaccinated and 15 unvaccinated pigs where challenged intranasally with 10 5 TCID 50 PRRSV (NADC-20) in 5 ml of minimal essential medium (MEM). Approximately 2.5 ml was delivered into each nostril while the head was held upward. Sham-challenged control pigs were administered 5 ml of MEM alone in a similar manner. Pigs were necropsied 10 days postchallenge (day 71). Macroscopic lung lesions were estimated as a percentage of total lung volume affected with pneumonia, as previously described. 4 The left lung was removed at the level of the principal bronchus. Twenty-five milliliters of MEM was instilled into the left principal bronchus. Fluid was aspirated, reinfused, and then aspirated a second time. This pulmonary lavage fluid was placed on ice and frozen at Ϫ70 C.
A section of lung was collected from each of the 5 anterioventral lung regions, which included the right cranial lobe, right middle lobe, the accessory lobe, and a section from each portion of the divided left cranial lobe ( Fig. 1) . These sections were fixed in 10% neutral buffered formalin for 48 hr. A section from the middle portion of each of the 5 regions was placed on a single slide and stained with IHC techniques for PRRSV as previously described 2,5 with the following modification. The primary antibody consisted of a 1:1 mixture of 2 monoclonal antibodies (MAbs), SDOW17 1:1,000 and SR30 1:1,500. This mixture is used routinely at the ISU VDL for the detection of field strains of PRRSV. An attempt was made to take sections of approximately equal size so that the lung area of each section and the total lung area per IHC slide would be similar. Image analysis was performed using a Sony DXC-3000A color video camera and Visilog software c to determine the size of individual sections and the total lung area evaluated on each slide.
Microscopic lung lesions were scored on a subjective scale from 0 to 4. In lung sections receiving a score of 0, no microscopic lesions were observed. Lung sections receiving a score of 1 had a mild, multifocal interstitial pneumonia characterized by mild expansion of the interlobular and occasionally the alveolar interstitium by an infiltrate of lymphocytes, plasma cells, and macrophages 1 or 2 cell layers thick. This infiltrate involved less than one-half of the combined length of the interlobular septa. A score of 2 was given to those lung sections exhibiting mild to moderate expansion of the interlobular septa with a mononuclear inflammatory cell infiltrate from 1 to 4 cell layers thick and involving Ͼ50% of the combined length of the interlobular septa. Sections receiving a score of 3 had a moderate interstitial pneumonia characterized by diffuse thickening of the interlobular septa and multifocal thickening of the alveolar interstitium by a mononuclear inflammatory cell infiltrate 2-6 cell layers thick accompanied by occasional type-2 pneumocyte hypertrophy and hyperplasia. A microscopic lung lesion severity score of 4 was applied to lung sections with a moderate to severe diffuse interstitial pneumonia characterized by moderate to marked expansion of interlobular septa by a mixed mononuclear inflammatory cell infiltrate 2-10 cell layers thick. This expansion was accompanied by mild to moderate thickening of the alveolar interstitium by a similar infiltrate and occasional moderate type-2 pneumocyte hypertrophy and hyperplasia. Virus isolation on lung lavage fluid was performed as previously described. 8, 11 Cultured cells of the MARC-145 cell line were propagated in Eagle MEM supplemented with 10% fetal calf serum and gentamycin sulfate (0.05 mg/ml). Lavage fluid (0.2 ml) was added to the nutrient medium (1 ml) of a confluent monolayer of MARC-145 cells and incubated at 37 C in a humid atmosphere of 5% CO 2 . Cell cultures were examined daily for 7 days for cytopathic effect. Culture medium (0.2 ml) from the inoculated wells was used to inoculate a second passage when primary isolation was unsuccessful. Lack of cytopathic effect in these cultures was interpreted as a negative test. Indirect immunofluorescence using MAb SDOW17 on acetone-fixed wells was used to confirm the presence of PRRSV.
Group comparisons were by a single-variable analysis of variance. Probabilities were calculated using a beta binomial model.
Results
Blood samples were collected from pigs 3 weeks after initial vaccination. At this time, all vaccinated pigs were seropositive for PRRSV (S/P ratio Ն0.4). The mean (ϮSE) S/P ratio was 1.26 Ϯ 0.11 with a range of 0.634-1.773. All unvaccinated pigs remained seronegative.
All animals in the unvaccinated PRRSV-challenged group developed gross and microscopic lung lesions consistent with porcine reproductive and respiratory syndrome. Gross lung lesion scores are expressed as an estimation of the percentage of lung involved. In unvaccinated pigs, the mean (ϮSE) total gross lesion score was 29.8% Ϯ 0.033%. The anterioventral lung lesion score was 40.3% Ϯ 0.033% and the gross caudal lung lesion score was 21.1% Ϯ 0.028%. In vaccinated pigs, the total gross lesion score was 16.8% Ϯ 0.015%. The anterioventral lung lesion score was 26.3% Ϯ 0.023%, and the gross caudal lung lesion score was 8.7% Ϯ 0.028%. Macroscopic lung lesion scores were significantly decreased (P Ͻ 0.001) in vaccinated pigs compared with nonvaccinates. Gross lung lesions were significantly more severe (P Ͻ 0.001) in anterioventral lung than in caudal lung in both vaccinates and nonvaccinates.
Microscopic lung changes were as previously described and consisted of thickening of alveolar and interlobular interstitium by an infiltrate of lymphocytes, macrophages, and plasma cells accompanied by multifocal type-2 pneumocyte hypertrophy and hyperplasia. [4] [5] [6] 12 Pigs in the unvaccinated PRRSV-challenged group had significantly higher microscopic lung lesion severity scores (P Ͻ 0.001) and significantly greater numbers of PRRSV-positive cells per section (P Ͻ 0.01) ( Table 1) . A significantly greater number PRRSV-positive lung sections were identified (P Ͻ 0.001) in unvaccinated PRRSV-challenged pigs than in vaccinated and control pigs ( Table 1 ).
An attempt was made to collect sections of approximately equal size for IHC so that the area of each lung section and the total lung area evaluated on each IHC slide would be similar. Image analysis revealed that a mean (ϮSD) area of 2.68 Ϯ 0.27 cm 2 of lung was evaluated on each IHC slide. Sections were 0.54 Ϯ 0.12 cm 2 . A correlation between section size and the probability of detecting PRRSV antigen by IHC was not identified.
PRRSV was isolated from the lung lavage samples of all 15 unvaccinated pigs. For unvaccinated, PRRSVchallenged pigs, results of IHC were positive for PRRSV in 5 of 5 sections of lung in 2 of 15 pigs, 4 of 5 sections in 1 of 15 pigs, 3 of 5 sections in 2 of 15 pigs, 2 of 5 sections in 4 of 15 pigs, and 1 of 5 sections in 6 of 15 pigs. Using a beta binomial model, these observed events were utilized to calculate the probability of detecting PRRSV with IHC as a function of the number of lung sections evaluated ( Table  2) .
In vaccinated animals, PRRSV was isolated from lung lavage samples of 10 of 15 pigs. Immunohistochemical evaluation of 5 separate sections of lung from each pig detected 60% (6/10) of VI-positive animals and none of the VI-negative, PRRSV-challenged pigs. Results of IHC were positive for PRRSV in 2 of 5 sections of lung in 1 of 6 VI-positive vaccinated pigs and in 1 of 5 sections in 5 of 6 of these pigs. Again, these observed events were utilized to calculate the probability of detecting PRRSV with IHC in the lung of vaccinated pigs as a function of the number of lung sections evaluated (Table 2 ). There was substantial variation in lesion severity among different sections of lung from individual pigs. In unvaccinated infected pigs, microscopic lung lesion scores ranged from minimal (1) to moderately severe (4). The average microscopic lung lesion score in unvaccinated pigs was 2.60, with a coefficient of variation of 1.25. There was a strong positive correlation (0.967) between the degree of lung damage in each section of lung and the likelihood of detecting PRRSV by IHC (Table 3 ).
Discussion
In this study, gross and microscopic lung lesions consistent with PRRSV infection were identified in every unvaccinated challenged pig, and virus was isolated from each lung lavage sample. PRRSV-positive cells were detected in each of these 15 VI-positive pigs at 10 days postinfection, when 5 separate anterioventral sections of lung were evaluated on a single IHC slide. However, PRRSV-positive cells were identified with IHC in only 45.3% of these lung sections. This figure alone illustrates the potential pitfalls of evaluating a limited number of pulmonary sections from individual animals. The number of PRRSV IHC-positive lung sections per pig was used to calculate the probability of detecting PRRSV in lung with IHC as a function of the number of pulmonary sections evaluated. A beta binomial model predicts that if a single lung section were assessed, PRRSV would be confirmed in only 48% of infected animals. If 3 sections of lung were evaluated, approximately 81% of infected pigs would be identified. The model predicts that in unvaccinated animals at least 5 sections of anterioventral lung would need to be assessed to detect Ͼ90% of PRRSV-infected pigs.
Vaccination resulted in significantly lower gross and microscopic lung lesion scores and significantly fewer antigen-positive cells ( Table 1 ). In vaccinated swine, examination of 5 separate sections of lung from each pig with IHC detected only 60% of VI-positive pigs. In vaccinated pigs, the calculated probability of detecting PRRSV with IHC when a single section is evaluated was 14%. Evaluation of 5 sections of lung was predicted to identify 53% of infected animals. Even if 9 sections of lung were evaluated, under conditions of low virus load it was predicted that IHC would detect only 74% of VI-positive pigs. This phase of the experiment not only illustrates the influence of vaccination on the diagnostic sensitivity of IHC but also provides insight into how conditions of low viral load (less virulent strains, lower exposure dose, early or late in the course of disease) could dramatically decrease the diagnostic sensitivity of PRRSV IHC.
There was substantial variation in microscopic lesion severity in different sections of lung from the same pig. In unvaccinated infected pigs, lung lesion scores ranged from minimal (1) to moderately severe (4) . The average lung lesion score in unvaccinated pigs was 2.60, with a coefficient of variation of 1.25. These results emphasize the variability of microscopic lung lesions in different sections of lung from individual pigs.
This and other studies have demonstrated that neither lesions nor antigen are evenly distributed throughout the anterioventral lung in PRRSV-infected pigs. 9, 10, 14 However, if lesions are the direct result of local PRRSV infection, there should be a positive correlation between lesion severity in individual lung sections and the likelihood of detecting PRRSV antigen. A strong positive correlation (0.967) was identified between the degree of damage and the probability of detecting PRRSV by IHC in individual sections of lung (Table 3) .
Others have demonstrated that with IHC PRRSVantigen was detected twice as often in anterior and middle lung lobes as in caudal lobes. 5 This and other studies have shown that gross and microscopic lung lesion scores are significantly higher in anterioventral lung than in caudal lung. [4] [5] [6] 14 The strong positive correlation between lung lesion severity and the likelihood of detecting PRRSV with IHC combined with the consistent identification of more severe lesions in anterioventral lung helps to elucidate why anterior and middle lung lobes are the preferred specimen collect sites for the detection of PRRSV with IHC.
The question of whether evaluating a single large section of lung would identify as many infected pigs as assessing 5 smaller sections of equal area was not directly addressed. Image analysis was performed to determine the size of each lung section evaluated and the total area of lung assessed per slide. A correlation between section size and the probability of detecting PRRSV with IHC was not identified. Because lung lesion severity varied from 1 section to another and there was a strong positive correlation between lesion severity and the likelihood of detecting PRRSV with IHC, available evidence would suggest that evaluation of multiple sections of anterioventral lung would likely detect more infected animals than would assessment of a single large section of lung.
One of the principal variables influencing diagnostic sensitivity that the practitioner and pathologist may be able to control is sample selection. The results of this study support the collection of anterioventral lung for PRRSV IHC and clearly demonstrate that the number of sections evaluated from each pig is a major factor in determining the diagnostic sensitivity of PRRSV IHC. If PRRSV is a primary concern, diagnosticians should collect at least 5 anterioventral sections of lung from each pig to be evaluated on a single IHC slide. This approach will diminish the number of false-negative results obtained with this method of antigen detection.
Although other reports have indicated that immunohistochemical staining for PRRSV is most intense and consistently identified in the lung, 9, 10, 13 the uneven distribution of PRRSV antigen in the lungs of infected pigs limits the detection of PRRSV-infected animals with this method. Particularly under conditions on low virus load, the limited diagnostic sensitivity of IHC may necessitate the use of additional, more sensitive techniques to document PRRSV infection.
